We use the GEOS-Chem chemistry-transport model (CTM) to interpret the spatial and temporal variations of tropical tropospheric CO observed by the Microwave Limb Sounder (MLS) and the Tropospheric Emission Spectrometer (TES). In so doing, we diagnose and evaluate transport in the GEOS-4 and GEOS-5 assimilated meteorological fields that drive the model, with a particular focus on vertical mixing at the end of the dry season when convection moves over the source regions. The results indicate that over South America, deep convection in both GEOS-4 and GEOS-5 decays at too low an altitude early in the wet season, and the source of CO from isoprene in the model (MEGAN v2.1) is too large, causing a lag in the model's seasonal maximum of CO compared to MLS CO in the upper troposphere (UT). TES and MLS data reveal problems with excessive transport of CO to the eastern equatorial Pacific and lofting in the ITCZ in August and September, particularly in GEOS-4. Over southern Africa, GEOS-4 and GEOS-5 simulations match the phase of the observed CO variation from the lower troposphere (LT) to the UT fairly well, although the magnitude of the seasonal maximum is underestimated considerably due to low emissions in the model. A sensitivity run with increased emissions leads to improved agreement with observed CO in the LT and middle troposphere (MT), but the amplitude of the seasonal variation is too high in the UT in GEOS-4. Difficulty in matching CO in the LT and UT implies there may be overly vigorous vertical mixing in GEOS-4 early in the wet season. Both simulations and observations show a time lag between the peak in fire emissions (July and August) and in CO (September and October). We argue that
Introduction
Atmospheric carbon monoxide (CO) is produced from incomplete combustion of fossil fuel and biofuels, biomass burning, and from oxidation of atmospheric methane and other hydrocarbons. It plays a critical role in controlling the oxidative capacity of the atmosphere through reaction with the primary tropospheric oxidant, the OH radial, and its oxidation provides a source or sink for ozone, depending on levels of nitrogen oxides (e.g., Levy, 1971; Crutzen, 1973; Logan et al., 1981) . It also has an indirect radiative effect (Daniel and Solomon, 1998; Solomon et al., 2007) . Carbon monoxide has a lifetime on the order of weeks in the tropics, considerably shorter than the inter-hemispheric mixing time of about a year. It has been used as a tracer to diagnose transport pathways of pollution in the tropical troposphere (e.g., Staudt et al., 2001; Edwards et al., 2006) . The life time of CO in the tropical troposphere is longer than the time-scale for vertical transport by deep convection, so CO can also be used as a tracer of vertical transport. In this study, we use the GEOS-Chem chemistry-transport model (CTM) to interpret satellite observations of the spatial and temporal variations Published by Copernicus Publications on behalf of the European Geosciences Union.
of CO in the tropical upper troposphere (UT) from 2005 to 2006 . In so doing, we diagnose and evaluate transport in the model in the biomass burning season, with a particular focus on vertical mixing at the end of the dry season when convection moves over the source region.
Earlier work by Edwards et al. (2006) used MOPITT data and the MOZART model to examine transport of CO in the southern hemisphere in September-November. They discussed export of CO from biomass burning regions in the lower troposphere (LT), and showed the role of convection in the ITCZ in transporting CO to the UT using MOPITT data at 250 and 700 hPa, with a focus on the Indian Ocean.
Our study uses upper tropospheric CO measurements from the Microwave Limb Sounder (MLS) instrument on the Aura satellite, launched in July 2004 . The vertical resolution of the MLS data (∼4 km) is higher than that of thermal infrared nadir sounding instruments such as MOPITT, and data are provided at 215, 147, and 100 hPa . The MLS CO measurements have been used as a tracer of convection and large scale ascent in the UT and lower stratosphere (LS). Schoeberl et al. (2006) identified a tape recorder in MLS CO data in the stratosphere, and suggested that the semi-annual cycle of CO in the UT was determined by the seasonal variation of tropical biomass burning and convective detrainment; a model study confirmed this finding (Duncan et al., 2007) . Liu et al. (2007) explored the spatial/temporal relationships among MLS CO, H 2 O and deep convection, and argued that the CO maxima in March to May and September to November were caused by co-location of deep convection and biomass burning emissions over Africa and Amazonia. Jiang et al. (2007) examined the influence of deep convection and surface emissions on CO in the UT over Asia and the northern Pacific using MLS CO and ice-water content (IWC) measurements. There have also been several studies focused on transport to the UT over Asia during the monsoon season using MLS CO data Fu et al., 2006; Park et al., 2007 Park et al., , 2008 Park et al., , 2009 , following the identification of a pronounced CO maximum at 147 hPa in late summer over India and Tibet . Barret et al. (2008) assimilated MLS data in the MOCAGE Chemistry Transport Model (CTM) to investigate the transport pathways affecting CO in the UT over Africa in July 2006 . They found that the CO maximum at ∼200 hPa around 10 • N is driven by deep convective uplift of air masses affected by biomass burning in southern Africa. However, above ∼150 hPa, they argue that the broad CO maximum over northern Africa is strongly influenced by the large circulation associated with the Asian summer monsoon; pollution from S. E. Asia and India that is trapped in the Asian monsoon anticyclone is transported westward in the tropical easterly jet over northern Africa. These dynamical arguments are consistent with the findings of an analysis over the Mediterranean by Lelieveld et al. (2002) .
The MLS data show maxima at 215 hPa over regions with biomass burning that are associated with convective activity . This is about the level with maximum outflow from convection, according to evidence from ozone profiles that show a minimum near 200 hPa (Folkins et al., 1999 (Folkins et al., , 2002 , and according to a recent review of transport in the tropical tropopause layer (TTL) by Fueglistaler et al. (2009) . Above about 150 hPa, convective outflow decays rapidly with increasing height, and vertical motions are influenced by net radiative heating and the large scale flow, but considerable uncertainty remains in the profile of convective detrainment (Fueglistaler et al., 2009) .
In this study we focus on vertical transport over the tropical continents, and exploit the spatial and temporal patterns evident in MLS CO in the UT that are clearly related to upward transport of biomass burning emissions. The MLS data, in combination with CO data for the LT, provide a valuable test of transport in global models. We demonstrate this using a state of the art global chemical transport model, GEOS-Chem, which is driven by assimilated meteorological fields from the Goddard Earth Observing System (GEOS) developed by the Global Modeling and Assimilation Office at NASA/Goddard (http://gmao.gsfc.nasa.gov/). We use the latest version of the GEOS fields, GEOS-5, and compare to results using GEOS-4 fields. The GEOS-4 fields have been used in many recent studies with GEOS-Chem, including those focused on the tropics (e.g., Martin et al., 2007; Sauvage et al., 2007b; Nassar et al., 2009 ).
In the GEOS data assimilation system, as other current general circulation models, deep convection is a sub-grid process that needs to be parameterized. Transport of tracers by convection and by advection are treated as separate operators in GEOS-Chem and other CTMs, even though they are inherently related (Lawrence and Salzmann, 2008) . GEOS-4 uses the parameterization scheme of Zhang and McFarlane (1995) for deep convection and the Hack (1994) parameterization for shallow convection, while GEOS-5 uses the relaxed Arakawa-Schubert (RAS) scheme (Moorthi and Suarez, 1992) . Folkins et al. (2006) explored the use of data for CO, O 3 , and HNO 3 to test the convective parameterizations in an earlier version of the GEOS-Chem model, driven by GEOS-3 and GEOS-4 fields. Convection in GEOS-3 was also based on the RAS scheme, but with a different implementation from GEOS-5. Folkins et al. (2006) compared the model averages for 20 • N-20 • S to the mean of sparse aircraft data and ACE-FTS satellite data, and to mean sonde profiles for O 3 . Their comparisons to ozone implied relatively weaker deep convective outflow in the RAS scheme in GEOS-3 than in the ZM scheme in GEOS-4. The data available at the time of their study was not sufficient to provide a thorough evaluation of the convective schemes.
In the LT, we use CO retrievals from the Tropospheric Emission Spectrometer (TES) to evaluate the GEOS-Chem simulations (e.g., Rinsland et al., 2006) . The TES instrument is also on the Aura satellite. We evaluate model performance by examining horizontal and vertical transport in the model. Our results provide in-depth understanding of how dynamics influences the CO re-distribution in the troposphere, and diagnose limitations of transport in the GEOS meteorological fields.
Sections 2 and 3 describe the model and satellite data. In Sect. 4, we show the spatial distribution and seasonal variation of CO observations and model simulations in the tropics in the LT and UT. In Sect. 5 we examine the influence of transport on CO in the UT, and show the sensitivity of model CO to the different convection schemes. We also identify the causes of discrepancies between model and observations, including deficiencies in transport and in sources of CO.
Model description
We use the GEOS-Chem version 8-02-04 global 3-D model with 4 • × 5 • horizontal resolution, driven by the GEOS assimilated meteorological observations, versions GEOS-4 (Bloom et al., 2005) and GEOS-5 (Rienecker et al., 2007) . The native resolution of the GEOS-4 fields is 1 • × 1.25 • with 55 vertical levels, and that of the GEOS-5 fields is 0.5 • × 0.667 • with 72 vertical levels; we regrid to 4 • × 5 • for input to GEOS-Chem. A major difference between these two meteorological fields is their convective parameterization schemes, as noted above.
The emissions of CO in the GEOS-Chem model include anthropogenic, biofuel, biomass burning, and biogenic emissions. The sources of anthropogenic emissions are summarized in the recent study of Nassar et al. (2009) . Biofuel emissions are from the inventory of Yevich and Logan (2003) .
Biomass burning emissions are from the Global Fire Emission Database (GFED) version 2 (van der . Emissions of CO and other tracers are derived by combining information on burned area for selected regions with fire hot spot data , fuel burned from a biogeochemical model, and emission factors for each species. We used the 8-day emissions which were derived by resampling the inventory to an eight-day mean using MODIS fire counts (Giglio et al., 2003 ; http://www.ess.uci.edu/ ∼ jranders/). Figure 1 shows the GFED v2 CO emissions, for the main northern and southern dry seasons averaged over the years [2005] [2006] . Africa is typically the single largest continental source of biomass burning emissions. The northern biomass burning season occurs primarily from November to February, from the southern Sahel to about 4 • S. The southern biomass burning season occurs primarily between June and October, moving slowly from central and western Africa (south of the equator) towards the south and east of the continent (Marenco et al., 1990; Giglio et al., 2006; Ito and Akimoto, 2007) . South America is the other major burning region in the southern hemisphere. Figure 1c -e shows the temporal variations of CO emissions averaged over these three regions. The major fires start two months later in South America than that in southern Africa. In South America there was a drought in southwest Amazonia in 2005 caused in part by anomalously warm sea surface temperatures in the north tropical Atlantic Zeng et al., 2008) , and CO emissions from fires that year were almost twice those in 2006. In southern Africa and northern Africa, the emissions have a smaller interannual variation.
We use the latest Model of Emissions of Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2006) (version 2.1) to simulate isoprene emissions for each model grid (Guenther and Wiedinmyer, 2007; Sakulyanontvittaya et al., 2008) . This is a more recent version than that in the GEOS-Chem model described by Barkley et al. (2008) , version 2 (v2006). MEGAN computes emissions for plant functional types (PFTs) as a function of temperature, solar radiation, leaf area index (LAI), and leaf age. Fractional cover for each PFT and vegetation-specific emission factors (EFs) are based on the MEGAN landcover data (PFT v2.0, EFs v2.0). The hybrid algorithm, which combines several parameterizations as described in Guenther et al. (2006) and Guenther and Wiedinmyer (2007) and Guenther et al. (1995 Guenther et al. ( , 1999 is applied in our standard model runs. This approach computes variations of light and leaf area at 5 sub-layers within a canopy through a canopy model. We also adopted a simplified parameterized canopy environment emission activity (PCEEA) algorithm, described in detail in Guenther et al. (2006) and Guenther and Wiedinmyer (2007) , in a sensitivity run. Monthly mean LAI values are derived from Moderate Resolution Imaging Spectrometer (MODIS) Collection 5 (Shabanov et al., 2005) . We drive MEGAN with assimilated surface air temperature and photosynthetically active radiation (direct and diffuse from the GEOS fields, and with MODIS LAI).
The lightning parameterization in the model is described by Murray et al. (2010) . We use an updated profile for the lightning NO x source following the vertical distribution functions based on a cloud resolving model transporting gases with resolved small scale motions, as described by Ott et al. (2009) . Approximately 6.3 Tg N a −1 NO x are released globally.
In this study, we carried out simulations for January 2005 to December 2006 with O 3 -NO x -hydrocarbon chemistry driven by GEOS-4 and GEOS-5. The model runs were initialized in January 2004. We also conducted CO-only simulations with tagged sources and monthly mean of OH concentrations archived from the respective chemistry simulations. The methyl chloroform lifetime with respect to removal by tropospheric OH is 5.9 years in our model driven by GEOS-5, and 5.5 years in our model driven by GEOS-4, which are consistent with lifetimes derived from analysis of data for methyl chloroform (e.g., Prinn et al., 2001 Prinn et al., , 2005 . In our tagged CO simulations, we use NO x concentration fields saved from the respective chemistry simulations to calculate the yield of CO from isoprene (Miyoshi et al., 1994; Duncan et al., 2007) . Initial conditions were taken from a 1-year spin-up starting in January 2004. Model time steps were set to 30 min for transport and convection and 60 min for emissions and chemistry. Figure 2 compares the CO simulations driven by GEOS-5 (red), GEOS-4 (green) with observed monthly mean CO (black) from six tropical sites of the NOAA Earth System Research Laboratory, Global Monitoring Division (GMD) (Novelli et al., 2003) . The simulations capture the observed phase of the seasonal cycles, but are too low in winter-spring in the northern hemisphere sites (Guam and Barbados), as found by previous studies using GEOS-Chem (Duncan et al., 2007; Kopacz et al., 2010 ) and other models (e.g. Shindell et al., 2006) . At Christmas Island, the simulations display a maximum in September that is not present in the observations, while at Seychelles, in the Indian Ocean, the models TES retrievals are based on the optimal estimation approach (Rodgers, 2000) and are described in and Bowman et al. (2006) , with error characterization described in Kulawik et al. (2006) . We use Level 2, V003 TES data (F04 04). The retrieved profiles are provided on a 67-level vertical grid from the surface to 0.1 hPa. The number of statistically independent elements of the retrieval for CO, represented by the degree of freedom (DOF) (Rodgers, 2000) , has varied over time, as a result of the variation of TES instrument alignment. From 29 November 2005 to 2 December 2006, the TES optical bench was warmed up to improve the TES beam splitter alignment. The procedure improved the measured signals, the total retrieval errors, and the retrieval precision for TES CO. The average DOFs between 30 • N-30 • S was 0.72 prior to the TES optical bench warm up and then increased to 1.45 after the warm up . The TES CO data were screened using the recommended data quality flags given in the TES Level 2 Data User's guide, version 4.0 , and we also removed profiles for which the effective cloud optical depth was greater than 3, or the cloud top pressure was less than 750 hPa (Worden et al., 2007) .
The TES retrieval of CO (V002) was validated through comparisons with aircraft observations, showing agreement within 10%, within the TES retrieval errors (Luo et al., 2007a; Lopez et al., 2008) . TES V002 and V003 are very similar to each other for the tropics and mid-latitudes . The global patterns of TES CO are consistent with those measured by Measurement of Pollution in the Troposphere (MOPPIT) on the NASA Terra satellite (Luo et al., 2007b) . The CO profiles retrieved from TES and MOPPIT agree within a few percent when compared appropriately, allowing for different a priori constraints and smoothing errors (Luo et al., 2007b; Ho et al., 2009 ).
The MLS instrument is a small radio telescope installed on the front of the Aura Satellite. It continuously measures thermal emission from broad spectral bands (118-2250 GHz) by 7 microwave receivers using a limb viewing geometry . MLS is radiometrically calibrated after every 25-s limb scan. It performs one scan every 1.5 • along the Aura orbit. The MLS data used in this study are V2.2 Level 2, and we screen the data as recommended by Livesey et al. (2007) . The data are provided on a fixed pressure grid with 6 levels per decade, with valid CO data at 215, 147, and 100 hPa in the UT.
Validation of V2.2 CO retrievals with aircraft data shows that the MLS CO is biased high by a factor of ∼2 at 215 hPa, but that the morphology is generally realistic . Much more limited aircraft data implies that MLS is biased high by about 30% at 147 hPa .
To compare GEOS-Chem with TES retrieved profiles, we sampled the model profiles along the TES orbit track at the observation time, and interpolated them to the 67 pressure levels as logarithms of mixing ratios using the method described by Zhang et al. (2006) . Since GEOS-Chem has poor predictive capability in the stratosphere, we replaced the simulated profiles above the model tropopause with the TES retrievals. To remove any artificial influence of the geographically variable a priori used in the retrieval, we reprocess the TES profiles using a universal a priori, produced by averaging the original TES a priori constraint for July 2006 in the tropical band (30 • N to 30 • S), as in Nassar et al. (2008) . The procedure and its implications of using the uniform a priori are discussed in Kulawik et al. (2008) . We smooth the model profiles using the TES averaging kernel (AK) and a priori profile to match the TES vertical resolution.
To compare GEOS-Chem with MLS retrieved profiles, we sampled the model profiles along the MLS orbit track at the observation time, interpolated the model profiles to the high resolution pressure grid (577 levels) and applied the MLS averaging kernel matrix to interpolate them to the MLS's 37 pressure levels . The CO maximum lags the peak in CO emissions ( Fig. 1) by one month. The models underestimate CO over Brazil, particularly in the months with highest CO, and overestimate CO over the Andes, south of 10 • S. Over southern Africa, there is a broad maximum from August to October in the TES data and the models, and there is a large underestimate in model CO. Kopacz et al. (2010) found similar underestimates in biomass burning regions in GEOS-Chem simulations for May 2004 to April 2005, using GEOS-4. The results of their multi-satellite inversion (AIRS, MOPITT and SCIA-MACHY) implied that emissions were too low by ∼55% in South America, by ∼85% in southern Africa, and by ∼40% in northern Africa. The underestimates were largely in the biomass burning season and were attributed to deficiencies in the GFED2 inventory. It is important to note that in the tropics their results depended on which satellite data were used. Chevallier et al. (2009) also found that GFED2 emissions from Africa are too low in an inverse study using MO-PITT data and the LMDZ-INCA model, but to a lesser extent than Kopacz et al. (2010) .
Another distinctive discrepancy between the models and observations is the overestimate of CO in the eastern tropical Seasonal burning starts in northern Africa in November, and it causes the maximum in December and January over the northeastern equatorial Atlantic. In January 2006, the models underestimate CO in the vicinity of the fires in West Africa, and overestimate CO over a small region in equatorial Africa.
The very high CO over Indonesia and the eastern Indian Ocean in 2006 was caused by increased biomass burning associated with a drought induced by El Nino and the Indian Ocean Dipole (e.g. Rinsland et al., 2008; Nassar et al., 2009) . A model analysis of the TES observations in this region in late 2006 using the GEOS-Chem model driven by GEOS-4 is given by Nassar et al. (2009) . 
Upper troposphere
Figures 5 and 6 compare the spatial pattern of CO at 215 hPa from the MLS data to the GEOS-4 and GEOS-5 model results. We show MLS at 215 hPa as it is close to the level of maximum convective detrainment (Folkins and Martin, 2005; Fueglistaler et al., 2009 ). The color bar range for MLS CO is twice of that for model results because of the factor of two high bias in the MLS retrieval at 215 hPa noted above .
The GEOS-4 model shows a prominent maximum over the eastern tropical Pacific in August and September of 2005 that is not present in the MLS observations. This maximum is collocated with the overestimate of CO in the LT (Fig. 3) . There is a similar, although much weaker, maximum in the We explore the causes of these discrepancies in Sect. 5.
Over southern Africa, MLS CO is highest in September and October of 2005 and in August to October of 2006, with a similar pattern in the two models. This is seen more clearly in the regional time series discussed below. Both models show a maximum in CO over the Gulf of Guinea, Nigeria, and Cameroon in November to January that is not apparent in the observations. This maximum persists into March in the models, but appears in the observations only in February and March, where it is a relatively weak feature.
Both models show a similar spatial pattern to MLS for the high CO over Indonesia and the Indian Ocean as it builds up from September to November in 2006, and disappears in December. This was also shown in Nassar et al. (2009) using TES data for the lower and upper troposphere. Transport of fire emissions to the UT in August are obvious in the GEOS-4 simulation, but are much less apparent in the MLS data and in the GEOS-5 simulation. Neither simulation shows the prominent maximum in MLS CO over northern India in August that is associated with the Indian monsoon as discussed in the Introduction, and as reported in MOPITT data in Kar et al. (2004) .
Influence of dynamics
The spatial and vertical distribution of CO in and near the source regions depends on the position of strong vertical mixing relative to the source distribution at lower altitudes, as well as the influence of horizontal transport by the prevailing winds.
In this section, we examine the influence of transport on CO in the two simulations based on the results for the four major biomass burning regions and for the eastern Pacific, where there is a major discrepancy with the observations as shown in Fig. 7 . We interpret the satellite data with the GEOS-Chem model and identify possible causes for the discrepancies between model simulations and observations. Furthermore, we use the satellite data to evaluate the effect of different convective parameterizations in GEOS-4 ). Difference plots are not shown because of concern over the absolute accuracy of the CO retrieval.
and GEOS-5 on model performance. Tagged CO simulations are also used to investigate the causes of these discrepancies. This approach allows us to characterize important aspects of transport in the GEOS-4 and GEOS-5 meteorological fields, and to determine deficiencies in the CO sources.
South America
The left column of Application of the AK to the model results makes a particularly large difference at 681 hPa before the TES bench warm-up in late November 2005. This is caused by the large effect of the prior information, because of the low sensitivity of TES at the lower altitudes with low DOFs at that time. TES has a higher sensitivity in the middle troposphere (∼400-500 hPa) than in the lowest part of the troposphere (e.g. Luo et al., 2007a) . Application of the MLS AKs modifies the model results very little.
Over South America, in both GEOS-4 and GEOS-5, CO is highest at 681 hPa in August and September 2005, the months with peak biomass burning emissions. Application of the TES AKs delays the peak to September-October for GEOS-4, a consequence of the sensitivity of TES to CO at higher altitudes, where CO peaks later (see panel for 422 hPa). GEOS-4 CO is highest in September and October at 422 hPa and in September in 2006, matching the timing of the TES data. However, the GEOS-4 maximum in CO at 215 and 147 hPa is clearly a month late compared to the MLS data, and in 2006, the model peak stays high for too long. Application of the TES AKs to GEOS-5 at 681 hPa induces too broad a maximum, again a consequence of the sensitivity of TES to CO at higher altitudes. The CO peak at 422 hPa in GEOS-5 is broader and 1-2 months later than that for GEOS-4 in 2005, and in both years, the underestimate of TES data is larger for GEOS-5 than for GEOS-4. At 215 hPa the GEOS-5 CO maximum is 1-2 months late in 2005, and 3 months late in 2006. Figure 9 shows the seasonal variation of spatial patterns of the vertical air mass flux, which is closely related to the seasonal variation of ITCZ, superimposed on the CO mixing ratio. Results are shown from the LT to UT in GEOS-4 in 2005. During the boreal summer the ITCZ is located at its northernmost location north of the Equator. The ITCZ then shifts southwards, and deep convection moves over South America in October, reaching about 30 • S, and intensifies into austral summer (Manabe et al., 1974; Fu et al., 2001; Panarello and Dapena, 2009 ). Fu et al. (1999) suggests that the onset of wet season over the South America starts around October, induced by the systematic buildup of planetary boundary layer (PBL) moisture, with the release of the latent heat flux. This behavior is seen in the maps of vertical mass flux in Fig. 9 , and maps of the convective mass flux alone have similar spatial patterns (not shown). The timing of the CO maximum changes from September at 688 hPa to October at 430 hPa and to November at 226 hPa, following the southward migration of the upward mass flux.
GEOS-5 has a relatively slow and gradual southward migration of the upward mass flux from August to December (Fig. 10) . In contrast to GEOS-4, the migration is limited to the equatorial region in October in the UT, and most of the burning region lacks deep vertical mixing to transport surface emissions to the upper levels. Thus, although the seasonal CO maximum appears in October at 430 hPa as it does in GEOS-4, CO is much lower. At 226 hPa, the GEOS-5 model maximum in November is considerably smaller than that in GEOS-4, and the GEOS-5 CO is higher in December than in November. Figure 11 shows the vertical profiles of mass flux associated with convection and large scale advection over South America in GEOS-4 and GEOS-5 from August to December in 2005. In GEOS-4 the convective mass flux increases substantially between September and October, with a similar increase in the total mass flux. However, in GEOS-5 both the convective and total mass fluxes increase more gradually in this period. The convective mass fluxes over South America in both GEOS-4 and GEOS-5 are extremely small by 200 hPa, and the GEOS-5 mass fluxes peak at lower altitudes than those of GEOS-4. Figure 11 implies that the dominant mechanism for vertical transport near 215 hPa in both GEOS-4 and GEOS-5 is large-scale vertical advection rather than convection. The fact that convection detrains at too low an altitude likely contributes to the one-month lag of the UT CO maximum in the model simulations compared to the observations (Figs. 3-6 ). Compared to GEOS-4, the convective mass flux in GEOS-5 decays more quickly with increasing altitude, thus mixing by slow advection plays more of a role. The lag in GEOS-5 is greater in part because convection decays at a lower altitude, and in part because convection moves southward later than in GEOS-4.
In 2005 the observed CO maximum occurs one month later at 215 hPa than at 681 hPa, while in 2006, the observed CO maximum occurs in September from 681 hPa to 215 hPa, implying stronger vertical mixing in 2006 than in 2005. Convection may have been weaker in 2005 because of the warmer sea surface temperatures in the north tropical Atlantic Zeng et al., 2008) .
We examined source attribution of CO in the UT using a tagged CO simulation. Figure 8 (right column) shows time series of tagged CO tracers from individual sources, including biomass burning sources from South America, southern Africa, northern Africa and Indonesia, and the biogenic source from isoprene over South America, for GEOS-4 (solid lines) and GEOS-5 (dashed lines). In the LT, CO from local biomass burning dominates over South America from August to October in 2005, and to September in 2006. In the MT and UT, with GEOS-4, the local biomass burning contribution dominates from August to October in 2005, and in August and September in 2006, after which it is exceeded by the contribution from isoprene oxidation. As the wet season progresses southward over the continent, fires are extinguished ( Fig. 1) and vertical mixing increases rapidly, as shown above. However, the source of CO from isoprene oxidation persists throughout the year, and thus its influence on CO in the UT increases and becomes dominant from November onwards (and December in GEOS-5) as the upward air mass flux increases from month to month.
In the GEOS-5 simulation, much less CO from biomass burning is transported to the MT and UT because of weaker vertical mixing. The CO source from isoprene is similar to that from biomass burning in the MT, and exceeds it in the UT, providing the dominant contribution to the seasonal maximum that persists into December in 2005, and does not occur until December in 2006. Clearly, deficiencies in sources of CO, as well as in vertical transport, contribute to the discrepancies in the timing of model at 215 hPa over South America.
There is a weak secondary maximum in CO over South America in the UT in February to April 2006. The tagged runs show that CO from biomass burning in northern Africa contributes significantly to this feature, with the remainder from isoprene oxidation. In the UT, the isoprene source of CO includes transport of emissions from Africa.
We note that CO in the tagged simulation does not exactly match CO in the on-line chemistry simulation, because the treatment of the source of CO from isoprene (and other hydrocarbons) is necessarily simplified, and it is treated as a direct CO source (Duncan et al., 2007) . In the on-line simulation, CO is produced from degradation products of isoprene oxidation. Nevertheless, the tagged runs give very useful information on source apportionment, and aid in understanding the results shown in Fig. 8 (left column) .
The comparison of TES and model CO in the LT show that model CO is too low in eastern Brazil, where biomass burning is a major source, but CO is somewhat high in western South America where the isoprene emissions are highest, as shown in Fig. 13 . These discrepancies of the spatial pattern of CO over South America are caused by an underestimate of emissions from biomass burning (Kopacz et al., 2010) , and we infer that the overestimate in the west of the continent is caused by an overestimate of isoprene emissions. The simulated CO using the PECCA algorithm is on average 5% (5-10 ppb) lower than the standard runs using the hybrid algorithm. However, this decrease is not enough to counteract the overestimate of isoprene emissions in our model.
The discrepancy in the timing of the CO maximum at 215 hPa could also be influenced by the underestimate in the GFED2 biomass burning emissions implied by the inversion study of CO sources (Kopacz et al., 2010 ). As noted above, Kopacz et al. (2010) found that CO emissions were too low by 55% in South America, by 85% in southern Africa, and by ∼40% in northern Africa. However, their simulations with a posteriori sources led to overestimates of CO over northern Africa when compared to SCIAMACHY and MOPITT data, and to MOZAIC data in November to February. We conducted a sensitivity study where we multiplied the CO emissions by monthly scaling factors from Kopacz et al. .(2010) at each grid from the results of the inversion study only over South America and southern Africa. The scaling factors vary seasonally, with maxima in September and October over southern Africa and in October over South America. Results for GEOS-4 show that modeled CO with increased emissions is somewhat high from 681 hPa to 215 hPa in July to November, with the biggest increase in October as shown in Fig. 14. For GEOS-5, the simulation with increased emissions agrees well with TES data in the LT and MT. We caution, however, that the scaling factors are from an inversion using GEOS-4 meteorological fields, and the better agreement with GEOS-5 may be fortuitous. The discrepancy in the timing of the seasonal maximum between both models and observations remains at 215 hPa and 147 hPa. As might be expected, the higher emissions exacerbate the problem of excessively high CO over the eastern tropical Pacific in July to September, and over the Andes, although the model matches CO over eastern Brazil (Fig. 15) . This was also found in the a posteriori simulations of Kopacz et al. (2010) , compared to MOPITT data.
East Pacific
As shown in Figs. 3 and 4, both GEOS-4 and GEOS-5 overestimate CO over the East Pacific region in August and September. The overestimate is worse in 2005 due to much higher emissions in South America. In the UT, the overestimate in August 2005 persists over the East Pacific, particularly north of the equator where deep convection is located, in the model with GEOS-4, but it is less of a problem in GEOS-5. In September 2005, model CO with both GEOS-4 and GEOS-5 is higher over the Eastern Pacific than over South America, while the MLS data show a maximum over the continent.
The bi-polar pattern with overestimates over the East Pacific and underestimates over South America in both the model simulations in August 2005 in the LT suggests that the south-easterly winds blowing from the burning region of South America may be too strong in both GEOS-5 and GEOS-4, transporting too much CO to the east Pacific where it is lofted to the UT in the ITCZ. Figure 16 shows that the profiles of vertical mixing over the East Pacific are substantially different in GEOS-5 and GEOS-4. The upward mass flux is larger in GEOS-4 than in GEOS-5 from about 600 to 300 hPa, and the CO in GEOS-4 exceeds that in GEOS-5 from about 500 to 200 hPa as a consequence.
Africa
The dominant meteorological features in the troposphere over Africa include the seasonal migration of the ITCZ, the Harmattan flow, the African Easterly Jet (AEJ) (e.g., Thorncroft and Blackburn, 1999) and the trade winds. These features have a complex influence on the redistribution of CO from its biomass burning region in the respective winter seasons of the two hemispheres, as discussed below.
Southern Africa
Over southern Africa, the model simulations are lower than observations, because of the low surface emissions in the model. The model simulations driven by both GEOS-4 and GEOS-5 match the phase of the observed CO variation from 681 to 215 hPa fairly well, although the magnitude of the maximum is underestimated considerably (Fig. 17) . Both simulations and observations show a time lag between the peak in fire emissions (July and August) and in CO (September and October), as observed in Edwards et al. (2006) using MOPPIT CO and MODIS fire count data. They conjectured that the lag might be caused by smoldering fires at the end of burning season. We address the reasons for the lag below, after an analysis of the prevailing meteorology. To illustrate the pathway of CO-laden air we show in Fig. 18 its distribution along with the wind fields and vertical air mass flux in August and September of 2005, a year with a typical summer monsoon pattern. Southeasterly trade winds prevail over southern Africa at lower altitudes, and transport CO from the fires to the Gulf of Guinea. The low-level monsoon westerlies and the north-easterly Harmattan winds converge between 10 • N and 15 • N, where the ITCZ is located. The Harmattan winds become stronger and move equatorward near 700 hPa, and merge with the southeasterly trade winds around 5 • N. There is a region of strong upward mass fluxes in the MT (430 hPa) primarily north of the Equator that lofts CO from the fires to the MT and UT. Several studies discuss these transport pathways during the West Africa monsoon season, in the context of interpreting ozone and CO observations (Sauvage et al., , 2007a , including MLS CO data (Barret et al., 2008 (Barret et al., , 2010 . Barret et al. (2008) attribute the CO maximum over northern Africa at 215 hPa (in July 2006) mainly to convective uplift of CO-rich air from biomass burning in southern Africa following these transport pathways. A continental anticyclone develops over the region of the fires in southern Africa and a mid-tropospheric cap persists as a result of the subsiding air at the center of the anticyclone, inhibiting the development of convection beneath (Fig. 18) (Karoly and Vincent, 1998) . Thus in August (and also in July), a large amount of CO is trapped in the LT over southern Africa, while in the MT and UT, a CO maximum appears to the north of the Equator over the continent where is it lofted in the ITCZ. A similar CO maximum is evident in the MLS data at 215 hPa in 2005, except it is slightly south of the equator (Fig. 5) . In September 2005, with the southward shift of the ITCZ, the region with upward mass flux propagates south in the MT, bringing more CO to the higher altitudes south of the Equator. Meanwhile, with the northwest propagation of the continental anticyclone, recirculation of CO over central Africa occurs between 0 and 10 • S, contributing to the high CO south of the equator in the UT as observed in the MLS data (Fig. 5) . In October, the region with strong upward mass flux migrates to southern Africa, lofting the remaining high CO from the fires, which are mostly extinguished. The tagged CO runs show that transport from South America by subtropical westerlies in the MT and UT also contributes to the CO maximum in September and October (Fig. 17, right column) . Returning to the question of the delay in the CO maximum compared to the earlier peak in emissions, we argue that it is caused by the factors discussed above. First, subsidence over southern Africa allows CO to build up in the LT until convection moves south starting in September. Secondly, TES (and MOPITT) retrievals at ∼700 hPa have broad averaging kernels, extending into the MT, and sensitivity is relatively low at the surface (∼900 hPa over the African plateau). The maximum in the MT is 1-2 months later than that at 700 hPa, because of the delay in lofting of African emissions, combined with the maximum in transport of fire emissions from South America in October (Fig. 17) . The influence of CO in the MT on the retrieval at 700 hPa contributes to the delay in the satellite CO in the LT relative to the peak in the emissions. Figure 19 shows the mean vertical mass fluxes over southern Africa. There is subsidence to a lower level in September and October in GEOS-5 than in GEOS-4 in 2005. The region of upward air mass flux has moved further south in GEOS-4 than in GEOS-5 in September (not shown), and as a result of differences in the spatial pattern and the stronger upward fluxes of air in GEOS-4, more CO is lofted to the MT and UT in GEOS-4 than in GEOS-5. This is responsible for the lower CO in the UT in the GEOS-5 simulation compared to that with GEOS-4 (Fig. 5) .
The situation is more complex in 2006, an El Nino year with very high fire emissions from Indonesia that are transported westwards towards Africa (Figs. 4 and 6 ). There is a broad CO maximum from August to October in the LT and MT that extends into November in the UT over southern Africa (Fig. 17, left column) . The tagged CO runs show that transport of the emissions from Indonesia provides a significant contribution to the peak over Africa in September to November, exceeding the contribution from Africa itself in the UT in GEOS-5. The relative minimum in this contribution in October reflects changes in the winds over the Indian Ocean in that month (not shown). By 147 hPa, emissions from Indonesia are the dominant contribution to the peak in September in both GEOS-4 and GEOS-5. The upward air mass flux over Africa is higher in 2006 than in 2005 in October (Fig. 19) , while the contribution from South American emissions is lower (Fig. 17, right column) , so there is not much interannual variation of CO in the UT.
The tagged runs show that the secondary maximum in January to February in the LT and MT is caused by fire emissions from North Africa. The later maximum in the UT (February to April) is also from North African fires, with a significant contribution from fires in Indonesia in 2005. Model CO is systematically low in the LT and MT outside the southern The GEOS-4 simulation with increased emissions improves agreement with observed CO in the LT and MT in July to October, as shown in Fig. 20 (left) . However, CO is too high at 215 hPa in September and October. The difficulty of matching CO in both the LT and UT suggests that convection may detrain at too high an altitude over Africa in GEOS-4 in these months. The GEOS-5 simulation with increased emissions provides better agreement with observed CO from the LT to UT, especially at 215 hPa (Fig. 20, right) . As discussed above, convection in GEOS-5 ends at a lower altitude than that in GEOS-4. Over southern Africa, vertical mixing in GEOS-5 may be more realistic, with the discrepancies between model and observations caused primarily by deficiencies in the GFED2 emissions.
Northern Africa
Over northern Africa, the observed CO has a biannual pattern, with the primary CO maximum occurring in boreal winter and a secondary maximum in summer (Fig. 21) . Both GEOS-4 and GEOS-5 match the phase and magnitude of the CO variation from 681 to 422 hPa fairly well. The models also have a high bias of ∼20% in early 2005 in the LT and MT, during the burning season. At 215 hPa, MLS does not show a strong seasonal cycle, while it is pronounced in the models. There is a deep early summer minimum at 215 hPa in the GEOS-5 simulation, less so in the GEOS-4 results. At the upper level, 147 hPa, the models and MLS data are again in reasonable agreement, with a more prominent seasonal cycle in the data and models.
Aircraft data from West Africa allow independent evaluation of the CO profile at the peak of the burning season. Figure 22 shows CO vertical profiles over Lagos (6 • N, 3 • E) from the MOZAIC program (Nedelec et al., 2003; Barret et al., 2008; Williams et al., 2009) Despite the different years represented by the observations and model, both CO profiles exhibit a dramatic decrease between 800 and 600 hPa, particularly in December and January. GEOS-5 gives a better simulation than GEOS-4 of the high CO in the boundary layer. However, model CO is too high from 500 to 200 hPa by about 25% (GEOS-4) and 40% (GEOS-5) in January, and much too low in boundary layer. The transport patterns in the model suggest that the sharp decrease near 700 hPa is caused by the northeasterly Harmattan winds in the LT, and the blocking Saharan anticyclone at higher altitudes which prevents vertical mixing over the source regions as shown in Fig. 23 . The influence of these transport patterns on CO was first discussed by Jonquieres et al. (1998) who analyzed exploratory aircraft data from this region, and by Sauvage et al. (2005) . Figure 23 shows the transport patterns in February of 2005 and 2006. With the southward propagation of the ITCZ in this season, the Harmattan winds become stronger and penetrate to the Equator. The winds sweep up CO from the burning region and transport it over the Gulf of Guinea to the ITCZ where it is lofted by convection. By 200 hPa, the winds over the equatorial region change direction to south-westerly and transport CO rich air back across West Africa above the burning region and beyond, towards the Middle East. This unique transport pattern over the northern Africa implies that CO accumulation in the UT above the fire region is mainly determined by the strength of Harmattan wind in the LT and the vertical mixing over the Gulf of Guinea. Thus, the CO overestimate seen in Figs. 5, 21 and 22 may result from the combined influence of too strong Harmattan winds in the LT and too strong vertical mixing over the Gulf of Guinea in the model. These deficiencies in transport are also responsible for the low CO in the boundary layer and the excess CO above, compared to the MOZAIC data.
As shown in Figs. 21 and 23, the primary CO maximum during boreal winter in 2005 is much larger than that in 2006 in the UT (particularly at 147 hPa) in both the model and observations. This is caused by higher emissions in JanuaryFebruary 2005 than in 2006 ( Fig. 1) , as well as by enhanced vertical mixing over the Gulf of Guinea in the UT in February 2005 (Figs. 23 and 24) . As discussed above, the secondary CO maximum over the northern Africa in the LT and MT during boreal summer (Fig. 21) is caused by the collocation of the upward mass flux and high CO accumulated by transport of CO-laden air from the southern biomass burning by the strong southeasterly trade winds. By ∼140 hPa, the maximum has shifted to October/November as a result of transport of CO from South America as well as southern Africa. Model CO is lower in the UT in GEOS-5 than in GEOS-4 in May to September because of less upward transport of CO from southern Africa. The underestimate of CO in June-July and the overestimate in December to February at 215 hPa causes the models to have a pronounced seasonal cycle, while there is none in the MLS data. The influence of CO from fires in southern Africa burning decreases with increasing altitude, and CO from Indonesian fires becomes an important source by 140 hPa (Fig. 21) . Barret et al. (2008) suggests that westward transport of polluted air masses from Asia by the tropical easterly jet also contributes to CO above 150 hPa over northern Africa in summer. Increasing the CO sources in the southern continents causes an overestimate of CO over northern Africa in July-September in the MT, maximizing at 35-45 ppb in August, and in September-October at 215 hPa, in the GEOS-4 simulation (not shown); in the GEOS-5 run, the higher emissions lead to an improved simulation in the MT.
While the mechanisms transporting CO from the fires in northern Africa in boreal winter are well understood, the MLS data imply that the upward transport to the UT in the model is too strong in January and February, perhaps as a result of too strong Harmattan winds transporting CO to the ITCZ. The data show highest CO over the Gulf of Guinea and Nigeria in February in 2005, as do the GEOS-4 and GEOS-5 simulations, but the model peaks are about 30% too high; in 2006, the data shows a small peak in March, while in the GEOS-4 and -5 simulations it is in January. 
Indonesia
The GEOS-4 and GEOS-5 simulations are very similar throughout the troposphere (Fig. 25) . At the two lower levels, both simulations match the observed interannual variability and the timing of the CO maximum over Indonesia in 2006, although the peak is too narrow with a rapid decrease in CO after October. Nassar et al. (2009) also found that model CO in this region was too low in November in the LT. Their analysis of rainfall data implied that the GFED2 emissions decrease too rapidly in November at the end of the dry season.
In the UT, with the concern over the absolute accuracy of the MLS CO retrievals, we focus our analysis on the difference between the CO maximum in OctoberNovember 2006 and the CO base-line during the previous 18 months. At 215 hPa, the models match the base-line, but the rapid increase in CO in October in both models is much larger than that in the observations, and we argue that this may result from too strong convection in the GEOS fields. Nassar et al. (2009) suggest that deep convection in GEOS-4 starts to increase in October over the Indonesia region about a month too early, based on their examination of data for outgoing long-wave radiation (OLR). At 147 hPa, CO from both models is in good agreement with the observed CO peak between September and November of 2006, but there is a systematic overestimate in the previous 18 months, so that the relative increase over the base-line is too small in October-November. Thus there is a larger decrease in model CO in October 2006 between 215 and 147 hPa than in the MLS observations. This implies that there is insufficient vertical mixing above 200 hPa in the models, but this result is contingent on the relative accuracy of the (scaled) MLS retrievals at 215 and 147 hPa.
Discussion and conclusions
In this study we used the GEOS-Chem model to interpret MLS and TES observations of the spatial and temporal variations of CO in the tropical troposphere for 2005 and 2006. Comparisons of the satellite observations and GEOS-Chem simulations, as well as analysis of the model meteorology and of tagged CO simulations, provide a detailed understanding of the interplay of convection and large scale ascent, as well as long-range transport, on CO emissions and thus on the model CO distribution. Our analysis also reveals flaws in aspects of tropical transport in the GEOS-4 and GEOS-5 meteorological fields, and in the isoprene emissions in the model, as well as successes.
The GEOS-Chem simulations capture many features of the morphology and seasonal variation of CO in the LT, although the models underestimate CO in the biomass burning season in eastern Amazonia and southern Africa, and in outflow to the Atlantic and Indian Oceans from these regions; conversely the models overestimate CO over western South America, south of 10 • S, and over the equatorial eastern Pacific in August and September. In the UT, the seasonal maximum in model CO with GEOS-4 over South America occurs ∼1 month later than the MLS maximum in 2005 and 2006, and with GEOS-5 it occurs ∼1-2 months late in 2005 and ∼3 months late in 2006. Our analysis shows that these deficiencies are caused by two major factors: deep convection decays at too low an altitude in the UT, and the source of CO from isoprene in the model is too large in the wet season. The greater lag in GEOS-5 is in part because convection decays at a lower altitude, and in part because convection moves southward later than in GEOS-4. The CO peak from biomass burning at 147 hPa persists longer than the observed MLS peak, resulting from the dominant influence of slow large scale ascent in transporting this highly seasonal source in the tropical tropopause layer (TTL).
Our evaluation of the CO simulations implies that isoprene emissions from South America in MEGAN v2.1 as driven by the GEOS meteorological fields are too high for much of the year. The TES data shows a localized overestimate in model CO over western South America that is present from August to April, somewhat to the south of the geographic peak in isoprene emissions (Figs. 3 and 4) . The overestimate is smallest, or missing, in May-July (not shown), when the isoprene emissions from South America in the model are smallest. Barkley et al. (2008) concluded from an analysis of satellite data for formaldehyde (HCHO), a degradation product of isoprene oxidation, that isoprene emissions are very low in May-July. The MLS data also provide convincing evidence that the isoprene emissions in the model are too high, as they are responsible for the local maximum in CO at 215 hPa over South America from November to March that is present in the model simulations but not in the observations (Figs. 5 and 6 ). The isoprene source of CO also causes the lag of the CO seasonal maximum in the model UT compared to that in the MLS data as shown by the tagged CO results (Fig. 8) . We note that an earlier MEGAN inventory (v2) also appeared to give too high emissions in Amazonia when implemented in GEOS-4, based on comparisons with aircraft and tower measurements of isoprene in that region (Barkley et al., 2008) .
Increasing the CO emissions over South America and southern Africa following the results of the inverse analysis of Kopacz et al. (2010) was no panacea; while model CO matched the TES data in eastern Brazil, it was much too high in western South America and in the eastern Pacific. The discrepancy in the timing of the seasonal maximum between model and observations over South America remains at 147 hPa in both years. The inversion results of Kopacz et al. (2010) were dominated by AIRS data, and their comparison of the model results with a posteriori emissions to MO-PITT data also showed substantial overestimates in western South America and the eastern Pacific. Their inversion using MOPITT data only showed similar problems but of a smaller magnitude.
Both the TES and MLS data revealed problems with excessive transport of CO to the eastern equatorial Pacific and lofting in the ITCZ in August and September, particularly in GEOS-4. These are the months with maximum fire emissions in South America and strong tropical south-easterlies in the lower troposphere in South America. Weaker easterly winds and weaker convection in the ITCZ in GEOS-5 result in a better simulation compared to GEOS-4 in this region, but for both models the results are worse when the surface emissions are increased in the sensitivity run. It is unclear if the high bias in CO in the eastern Pacific is caused primarily by overly strong easterlies, overly strong lofting of air in the ITCZ, or a combination.
The models were more successful in matching the phase of the observed CO variation throughout the troposphere over southern Africa. Isoprene does not contribute significantly to the seasonality of CO in the UT in this region. Its emissions are much smaller than those over South America, and vary less with season. The sensitivity run with increased emissions led to improved agreement with the magnitude of observed CO in the biomass burning season in the lower and middle troposphere, but caused an overestimate at 215 hPa in the GEOS-4 simulation. The difficulty in matching CO in the LT and UT implies there may be overly vigorous vertical transport early in the wet season. Comparison of the profiles of air mass fluxes indicate that convection detrains at a lower altitude in GEOS-5 than in GEOS-4. Vertical transport over southern Africa in GEOS-5 at the end of the dry season may be more realistic than that in GEOS-4, as the sensitivity run with increased emissions shows better agreement with observed CO throughout the troposphere.
Over northern Africa, both models match the phase and magnitude of the CO variation rather well except at 215 hPa, where MLS does not show a seasonal cycle, while there is a winter maximum and a summer minimum in the models. Our analysis implies that the CO maximum in the UT above the fire region is mainly determined by the strength of lowlevel north-easterly Harmattan winds in the LT, vertical mixing over the Gulf of Guinea in the ITCZ, and transport back over north Africa in south-easterly flow in the MT and UT. The MLS data show that the models transport CO too vigorously to 215 hPa in January and February, either because the Harmattan winds are too strong, or in addition because the convection is too strong; the MOZAIC data support this argument. The secondary maximum in the MT during boreal summer is caused by the collocation of the ITCZ and high CO accumulated by transport from fires in southern Africa by strong southeasterly trade winds. The sensitivity run with increased emissions from southern Africa degrades the simulation over northern Africa in the MT, at least in GEOS-4. We chose not to adjust the emissions over northern Africa based on the results of Kopacz et al. (2010) (an increase of 40%) as it would clearly have exacerbated the discrepancies in the simulation of MLS and TES CO.
Over Indonesia, our analysis of vertical mixing in late 2006 using the MLS data substantiates the conclusions of Nassar et al. (2009) who relied on TES data only, and analysis of OLR data. They inferred that convection was too strong in GEOS-4 in October 2006 , when the MLS data shows an overestimate in CO with both GEOS-4 and GEOS-5. Using the MLS data at both 147 and 215 hPa, we infer that there is insufficient vertical mixing above 200 hPa in the model in October and November 2006.
The GFED3 biomass burning inventory has recently been released . It uses a new data set for area burned as well as many improvements in the estimates for fuel consumption. The GFED3 CO emissions for South America are ∼15% smaller than those from GFED2 in 2005 and similar in 2006; for Southern Africa, they are similar to GFED2 in 2005, and ∼15% higher in 2006; and for northern Africa, they are ∼15% lower than those in GFED2 in both years. The similarities between the GFED3 and GFED2 CO emissions in the tropics imply that the use of GFED3 emissions would not change the conclusions of our study. Clearly, difficulties remain in reconciling bottom-up and top-down estimates of CO emissions in the tropics even with these improved estimates of biomass burning emissions.
Our results have implications for the inverse methodology that has been widely used for constraining regional sources of CO (e.g. Arellano et al., 2004; Petron et al., 2004; Muller and Stavrakou, 2005; Arellano and Hess, 2006; Chevallier et al., 2009; Jones et al., 2009) , given that this approach does not account for biases in model transport. Kopacz et al. (2010) found that the constraints on tropical CO sources were not self-consistent when they used MOPITT, AIRS, and SCIAMACHY data separately, possibly due to the influence of different vertical sensitivities and retrieval approaches. Arellano and Hess (2006) examined the transport error in CO inversions by using two models and three sets of meteorological input (including GEOS-3). Within the tropics, the largest inconsistencies among the resulting source estimates were for South America and Indonesia, followed by southern Africa, and these are regions where we have identified some deficiencies with transport in the GEOS-4 and GEOS-5 fields. Indeed, Arellano and Hess noted significant differences in vertical transport in the three meteorological fields in their study. Our results suggest that caution is needed when using inverse methodology to estimate the uncertainties of different sources, especially in regions of where errors may be dominated by factors other than emissions, such as biases in transport.
